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ABSTRACT OF DISSERTATION 
 
 
NEW ACCURATE FAULT LOCATION ALGORITHM FOR PARALLEL 
TRANSMISSION LINES 
 
 Electric power systems have been in existence for over a century.  Electric 
power transmission line systems play an important role in carrying electrical 
power to customers everywhere. The number of transmission lines in power 
systems is increasing as global demand for power has increased. Parallel 
transmission lines are widely used in the modern transmission system for higher 
reliability. The parallel lines method has economic and environmental 
advantages over single circuit.  A fault that occurs on a power transmission line 
will cause long outage time if the fault location is not located as quickly as 
possible. The faster the fault location is found, the sooner the system can be 
restored and outage time can be reduced.  
 
 The main focus of this research is to develop a new accurate fault location 
algorithm for parallel transmission lines to identify the fault location for long 
double-circuit transmission lines, taking into consideration mutual coupling 
impedance, mutual coupling admittance, and shunt capacitance of the line. 
 
 In this research, the equivalent PI circuit based on a distributed parameter 
line model for positive, negative, and zero sequence networks have been 
constructed for system analysis during the fault. The new method uses only the 
voltage and current from one end of parallel lines to calculate the fault distance. 
This research approaches the problem by derivation all equations from positive 
sequence, negative sequence, and zero sequence network by using KVL and 
KCL. Then, the fault location is obtained by solving these equations.  EMTP has 
been utilized to generate fault cases under various fault conditions with different 
fault locations, fault types and fault resistances. Then the algorithm is evaluated 
using the simulated data. The results have shown that the developed algorithm 
can achieve highly accurate estimates and is promising for practical applications. 
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CHAPTER ONE 
I. INTRODUCTION 
Power transmission systems have been in existence for over a century.  
Power transmission systems play an important role in carrying electrical power to 
customers everywhere. The number of transmission lines in power systems is 
increasing as global demand for power has expanded. Currently, the bulk 
transmission of electrical power is done by means of parallel lines which are 
widely used in the modern transmission systems. The parallel lines method has 
economic and environmental advantages over single circuit.  Unfortunately, a 
fault that occurs in one part of the power system, such as a generator or power 
transmission line, can destroy the whole system if the fault location is not located 
as quickly as possible. The faster the fault location is found, the sooner the 
system can be restored and outage time can be reduced.  
The double-circuit transmission line is used more often than the single-
circuit and the principle of distance relaying states that the impedance measured 
by a relay is proportional to the distance of that relay to the fault.  Therefore, by 
measuring the impedance it can be determined whether the line being protected 
is faulted or not.   
           Unfortunately, there are several ways for the following to be errors in 
accurately measuring a fault location, and they should be taken into full 
consideration. 
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 1.  The self-impedance, mutual impedances and mutual admittance 
The positive sequence mutual impedances and the negative-
sequence mutual impedances are about 3-5% of its own self-impedances.  
The zero-sequence mutual impedances are about 50-55% of the zero-
sequence self-impedances.  Thus, the error occurs if the calculation of the 
fault location considers only the self-impedances. 
 2.  Shunt capacitance 
 For long-length transmission lines (more than 150 miles or 240 km), the 
line is considered to have a shunt capacitance instead of lumped parameters for 
the calculation of exact fault location.  If lumped parameters are used, then errors 
will occur. 
 3.  Fault resistance 
The fault resistance can only be determined using the algorithm 
that will be proposed in this dissertation.  Therefore, it cannot be used as 
input to determine the fault location. 
4.  Source impedance 
The changing of the source impedance without changing the setting 
of the fault calculation equipment can cause an error in the accurate 
calculation of fault location. 
5.  Capacitance voltage transformer 
 6.  The classification of the transmission line 
Lack of knowledge of the classification of transmission lines can 
lead to error in the calculation of the accurate fault location. There are 
3 
 
three classes of transmission lines: short, medium, and long transmission lines. 
 In the short-length line class (less than 50 miles or 80 km), the shunt 
capacitance is considered so small that can be ignored. We only consider the 
series of resistance R and inductance L. 
 In the medium-line class (50 to 150 miles or 80 to 240 km), the 
capacitance will be represented as two capacitors each equal to half the line 
capacitance, which is known as the nominal-π model. 
 In the long-length line class (more than 150 miles or 240 km), the line is 
considered to have distributed parameters instead of lumped parameters.  This 
will provide accurate results.  It is referred to as the equivalent-π model since it 
has lumped parameters which are adjusted so that they are equivalent to the 
exact distributed parameter model. 
The purpose of this research is to improve the fault distance estimation for 
long parallel transmission lines, taking into consideration mutual coupling 
impedance and mutual coupling admittance. The distributed transmission line 
parameters model will be employed.   
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II. BACKGROUND 
In order to estimate the fault distance, the following concepts needs 
to be explained: 
1.  Symmetrical Component and Sequence Networks 
2.  Unsymmetrical Faults 
 
           1.  Symmetrical Component and Sequence Networks 
 The well-known theory of symmetrical component that was introduced by 
Charles Legeyt Fortescue is very useful to solve the problems for unbalanced 
condition on power systems.  According to his theory, unbalanced three phase 
faults can be resolved into three sets of balanced three phase systems by using 
the method of symmetrical components that consists of: 
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  1.1  Positive sequence component, which consists of three 
phasors with equal magnitudes and 120° apart from each other, and 
phase sequence are the same as original phasors.  
 
                                                 𝑉𝑐1 
                                                                           
                                                                                                                      
 
                                                                     120°                                 𝑉𝑎1 
                                                   120°              120° 
 
                                                                                  
                                                                            
                                                       𝑉𝑏1 
                                       Figure1.1 Positive sequence component 
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           1.2 Negative sequence component, which consists of three 
phasors with equal magnitudes and 120° apart from each other, and 
phase sequence are opposites of the original phasors. 
                                                                         
                                                                         
                                         𝑉𝑏2                                               𝑉𝑎2 = 𝑉2 
 
                                                                    120°                       
                                                         120°              120° 
 
                                                                                  
                                                                            
                                                               
                                                                     𝑉𝑐2 
                                       Figure 1.2 Negative sequence component 
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           1.3 Zero sequence component, which consists of three phasors 
with equal magnitudes and zero phase displacements from each other.  
                                                                           
                                                  𝑉𝑎0                                  𝑉𝑏0                   𝑉𝑐0 =  𝑉0 
 
                                                                                                         
                                                                                      
                                                           
                                       Figure 1.3 Zero sequence component 
                                                                 
In the power system that consists of three phases such as a, b, and c 
                                           𝑉𝑎 =  𝑉𝑎0 + 𝑉𝑎1 + 𝑉𝑎2 
 
                                                                                         𝑉𝑎 
                         
                                                      𝑉𝑎1                          𝑉𝑎2 
                           𝑉𝑎0 
                                                                            
 
                  
                                    Figure 1.4 Components of phase a  
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                                           𝑉𝑏 =  𝑉𝑏0 + 𝑉𝑏1 + 𝑉𝑏2 
 
     
                                                   𝑉𝑏0                 𝑉𝑏1 
                            𝑉𝑏2            𝑉𝑏 
                                                                            
                                
                                  Figure 1.5 Components of Phase b 
                                  
                                           𝑉𝑐 =  𝑉𝑐0 + 𝑉𝑐1 + 𝑉𝑐2 
        
 
 
                                                           𝑉𝑐1 
                                   𝑉𝑐2 
 
                             𝑉𝑐                        𝑉𝑐0 
                                                                                                         
                                 
                                 Figure 1.6 Components of phase c 
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Then phase a, b, and c can be obtained as follow: 
                                                                                                                                          𝑉𝑎  
                                                                                                                                                                               
                                                            𝑉𝑐 
                                                                               
                    𝑉𝑏 
 
 
                     Figure 1.7 Three unbalanced phasors a, b, and c that were  
                                       obtained from three set of balanced phasors 
 
           Where                     𝑎 = 1∠120° =  −0.5 + 𝑗0.866                              (1.1) 
                                           𝑎2 = 1∠240° =  −0.5 − 𝑗0.866                             (1.2)  
                                           𝑎3 = 1∠360° =  1∠0° = 1.0 + 𝑗0                          (1.3) 
 
                                           𝑉𝑏0 =  𝑉𝑎0                                                             (1.4) 
                                           𝑉𝑏1 =  𝑎2𝑉𝑎1                                                         (1.5) 
                                           𝑉𝑏2 =  𝑎𝑉𝑎2                                                          (1.6) 
                                           𝑉𝑐0 =  𝑉𝑎0                                                             (1.7) 
                                           𝑉𝑐1 =  𝑎𝑉𝑎1                                                          (1.8) 
                                           𝑉𝑐2 =  𝑎2𝑉𝑎2                                                         (1.9) 
          Thus 
                                           𝑉𝑎 =  𝑉𝑎0 + 𝑉𝑎1 + 𝑉𝑎2                                            (1.10) 
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                                           𝑉𝑏 =  𝑉𝑎0 + 𝑎2𝑉𝑎1 + 𝑎𝑉𝑎2                                     (1.11) 
                                           𝑉𝑐 =  𝑉𝑎0 + 𝑎𝑉𝑎1 + 𝑎2𝑉𝑎2                                      (1.12) 
                                           �
𝑉𝑎
𝑉𝑏
𝑉𝑐
� = �1 1 11 𝑎2 𝑎1 𝑎 𝑎2� �𝑉𝑎0𝑉𝑎1𝑉𝑎2� = 𝐴 �𝑉𝑎0𝑉𝑎1𝑉𝑎2�                     (1.13) 
          where 
                                           𝐴 =  �1 1 11 𝑎2 𝑎1 𝑎 𝑎2�                                                 (1.14) 
          Then 
                                           𝐴−1 =  1
3
�
1 1 11 𝑎 𝑎21 𝑎2 𝑎 �                                           (1.15) 
                                           �
𝑉𝑎0
𝑉𝑎1
𝑉𝑎2
� = 1
3
�
1 1 11 𝑎 𝑎21 𝑎2 𝑎 � �𝑉𝑎𝑉𝑏𝑉𝑐 � = 𝐴−1 �𝑉𝑎𝑉𝑏𝑉𝑐 �                 (1.16) 
          We have 
                                           𝑉𝑎0 =  13 (𝑉𝑎 + 𝑉𝑏 + 𝑉𝑐)                                          (1.17) 
                                           𝑉𝑎1 =  13 (𝑉𝑎 + 𝑎𝑉𝑏 + 𝑎2𝑉𝑐)                                    (1.18) 
                                           𝑉𝑎2 =  13 (𝑉𝑎 + 𝑎2𝑉𝑏 + 𝑎𝑉𝑐)                                    (1.19) 
          For current we also have 
                                           𝐼𝑎 =  𝐼𝑎0 + 𝐼𝑎1 + 𝐼𝑎2                                              (1.20) 
                                           𝐼𝑏 =  𝐼𝑎0 + 𝑎2𝐼𝑎1 + 𝑎𝐼𝑎2                                        (1.21) 
                                           𝐼𝑐 =  𝐼𝑎0 + 𝑎𝐼𝑎1 + 𝑎2𝐼𝑎2                                        (1.22) 
                                           𝐼𝑎0 =  13 (𝐼𝑎 + 𝐼𝑏 + 𝐼𝑐)                                            (1.23) 
                                           𝐼𝑎1 =  13 (𝐼𝑎 + 𝑎𝐼𝑏 + 𝑎2𝐼𝑐)                                      (1.24) 
11 
 
                                           𝐼𝑎2 =  13 (𝐼𝑎 + 𝑎2𝐼𝑏 + 𝑎𝐼𝑐)                                      (1.25) 
 
           2.  Unsymmetrical Faults 
2.1 Unsymmetrical faults can be classified into: 
                                2.1.1 Single line to ground fault: a-g, b-g, and c-g 
2.1.2 Line to line faults: ab, bc, and ca 
                2.1.3 Double line to ground fault: abg, bcg, and cag  
                           2.1.4 Three phase fault:  abc 
As the unbalanced fault occurs in the power system during the fault, the 
unbalanced current will go into the system.  The method of symmetrical 
component will be utilized to calculate the current on the system. 
                     2.2 Voltage and Current network equation in Sequence component 
The voltages in electric power system are assumed to be balanced until the fault 
occurred.   Only positive sequence component of the pre-fault voltage 𝑉𝑓 is 
considered. 
                                               𝑉0 = 0 − 𝑍0𝐼𝑎0                                                     (1.26) 
                                           𝑉𝑎1 =  𝐸𝑓 − 𝑍1𝐼𝑎1                                                 (1.27) 
                                            𝑉𝑎2 = 0 − 𝑍2𝐼𝑎2                                                   (1.28) 
This can be written in the matrix form as  
                                           �
𝑉𝑎0
𝑉𝑎1
𝑉𝑎2
� =  � 0𝐸𝑓0 � − �𝑍0 0 00 𝑍1 00 0 𝑍2� �𝐼𝑎0𝐼𝑎1𝐼𝑎2�                       (1.29) 
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                     2.3 Analysis of Unbalanced Faults [18] 
                                2.3.1 Single line-to ground faults 
Single line to ground faults occurs when one of any three lines falls 
is on the ground. 
Assume that the fault occurred on phase a with zero fault 
impedance as shown in figure 2.1. 
Since the fault impedance is zero and load current is neglected, 
then at the fault point 
                                           𝑉𝑎 = 0        𝐼𝑏 = 0        𝐼𝑐 = 0                                   (1.30) 
 
 
                                                                                                   a                                                 
                                              𝐹𝑎𝑢𝑙𝑡             𝐼𝑎  
                  Sending                                                                    b  
                 Terminal                                                
                                                                                                   C 
                                                                
 
                Figure 1.8 Single Line to ground fault on phase a 
The fault condition can be converted to symmetrical component as 
                                           𝑉𝑎 =  𝑉𝑎0 + 𝑉𝑎1 + 𝑉𝑎2 = 0                                     (1.31) 
                                           �
𝐼𝑎0
𝐼𝑎1
𝐼𝑎2
� =  1
3
�
1 1 11 𝑎 𝑎21 𝑎2 𝑎 � � 𝐼𝑎𝐼𝑏 = 0𝐼𝑐 = 0�                            (1.32) 
          We get 
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                                           𝐼𝑎0 = 𝐼𝑎1 = 𝐼𝑎2 = 𝐼𝑎3                                               (1.33) 
    With the fault current      𝐼𝑓 =  𝐼𝑎                                                                (1.34) 
                                           �
𝑉𝑎0
𝑉𝑎1
𝑉𝑎2
� =  � 0𝐸𝑓0 � − �𝑍0 0 00 𝑍1 00 0 𝑍2�
⎣
⎢
⎢
⎢
⎡𝐼𝑎0 = 𝐼𝑎3
𝐼𝑎1 = 𝐼𝑎3
𝐼𝑎2 = 𝐼𝑎3 ⎦⎥⎥
⎥
⎤
                (1.35) 
                                           𝑉𝑎0 = 0 − 𝑍0 𝐼𝑎3                                                      (1.36) 
                                           𝑉𝑎1 =  𝐸𝑓 − 𝑍1 𝐼𝑎3                                                    (1.37) 
                                           𝑉𝑎2 = 0 − 𝑍2 𝐼𝑎3                                                      (1.38) 
         Thus 
                                           𝑉𝑎0 + 𝑉𝑎1 + 𝑉𝑎2 = 0 = −𝑍0 𝐼𝑎3 + 𝐸𝑓 − 𝑍1 𝐼𝑎3 − 𝑍2 𝐼𝑎3   (1.39) 
                                           𝐼𝑓 =  𝐼𝑎 = 3𝐸𝑓𝑍1+𝑍2+𝑍0                                               (1.40) 
We can assume that the sequence component must be connected in 
series and short circuited because 
                                𝑉𝑎0 + 𝑉𝑎1 + 𝑉𝑎2 = 0 and  𝐼𝑎0 = 𝐼𝑎1 = 𝐼𝑎2               (1.41) 
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Assume that the fault occur on phase a   through impedance 𝑍𝑓 
then to the ground.  
 
                                            
                                                                                                   a                                                 
                                                            𝐼𝑎       𝑍𝑓  
                  Sending                                                                    b  
                 Terminal                                               
                                                                                                   C 
                                                                
 
                  Figure 1.9 Single Line to ground fault on phase a with fault                          
impedance 
           At the fault point we have                                       
                                           𝑉𝑎 = 𝑍𝑓𝐼𝑎                                                              (1.42) 
                                           𝐼𝑏 = 𝐼𝑐 = 0                                                             (1.43) 
          By using method of symmetrical component 
                                            𝑉𝑎0 + 𝑉𝑎1 + 𝑉𝑎2 = (𝐼𝑎0 + 𝐼𝑎1 + 𝐼𝑎2)𝑍𝑓                   (1.44) 
    �
𝐼𝑎0
𝐼𝑎1
𝐼𝑎2
� =  1
3
�
1 1 11 𝑎 𝑎21 𝑎2 𝑎 � � 𝐼𝑎𝐼𝑏 = 0𝐼𝑐 = 0�                             (1.45) 
              𝐼𝑎0 = 𝐼𝑎1 = 𝐼𝑎2 = 𝐼𝑎3                                               (1.46) 
                                           𝑉𝑎0 + 𝑉𝑎1 + 𝑉𝑎2 =  3𝐼𝑎0𝑍𝑓                                      (1.47) 
          Or                             𝑉𝑎0 + 𝑉𝑎1 + 𝑉𝑎2 =  𝐼𝑎03𝑍𝑓                                      (1.48) 
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          Equating these equations 
                                           𝐼𝑓𝑎0 = 𝑉𝑓𝑍1+𝑍2+𝑍0+3𝑍𝑓                                                (1.49) 
 Then  𝐼𝑎0 = 𝐼𝑎1 = 𝐼𝑎2 is the current injecting to the fault for the single 
line to ground 
                                2.3.2 Line-to line faults 
Line to line fault occurs when two lines come to contact to each other.  
Assume that the fault is on phase b and c with no fault impedance.  The fault 
conditions for this type of fault are: 
                                           𝐼𝑎 = 0            𝐼𝑏 =  −𝐼𝑐              𝑉𝑏 =  𝑉𝑐               (1.50) 
 
                                                
                                                                                                      a                                      
                                                                                
                 Sending                                                                       b  
                 Terminal                       𝐹𝑎𝑢𝑙𝑡            
                                                                                                      c        
                                                                
                         Figure 1.10 Line-to- Line fault  
 
 
 
 
 
 
16 
 
          By using method of symmetrical component 
 
    �
𝐼𝑎0
𝐼𝑎1
𝐼𝑎2
� =  1
3
�
1 1 11 𝑎 𝑎21 𝑎2 𝑎 � � 𝐼𝑎 = 0𝐼𝑏𝐼𝑐 = −𝐼𝑏�                         (1.51) 
         Then 
                                           𝐼𝑎0 = 0                                                                 (1.52) 
                                           𝐼𝑎1 =  13 (𝑎 − 𝑎2)𝐼𝑏                                                (1.53) 
                                           𝐼𝑎2 =  13 (𝑎2 − 𝑎)𝐼𝑏                                                (1.54) 
          We can assume that 
                                           𝐼𝑎0 = 0                                                                 (1.55) 
                                           𝐼𝑎1 =  13 (𝑎 − 𝑎2)𝐼𝑏                                                (1.56) 
                                           𝐼𝑎2 =  13 (𝑎2 − 𝑎)𝐼𝑏                                                (1.57) 
          We can assume that 
                                           𝐼𝑎1 =  −𝐼𝑎2                                                           (1.58) 
          Or 
                                           𝐼𝑎1 + 𝐼𝑎2 = 0                                                        (1.59) 
          The symmetrical component when    𝑉𝑏 =  𝑉𝑐 
                                          �
𝑉𝑎0
𝑉𝑎1
𝑉𝑎2
� =  1
3
�
1 1 11 𝑎 𝑎21 𝑎2 𝑎 � � 𝑉𝑎𝑉𝑏𝑉𝑐 = 𝑉𝑏�                            (1.60) 
          We get 
                                           𝑉𝑎1 = 𝑉𝑎2                                                              (1.61) 
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      Then the boundary conditions are   
                                           𝐼𝑎0 = 0, 𝐼𝑎1 + 𝐼𝑎2 = 0 and  𝑉𝑎1 = 𝑉𝑎2                   (1.62) 
Assume that the fault is on phase b and c with fault impedance.  If  𝑍𝑓  is in 
the path between b and c the fault conditions for this type of fault are: 
                                           𝐼𝑎 = 0            𝐼𝑏 =  −𝐼𝑓𝑐             𝑉𝑏 − 𝑉𝑐 =  𝐼𝑏𝑍𝑓   (1.63) 
 
  
                                                                                                   a       
                                                                                 
                 Sending                                                                     b  
                 Terminal                              𝐼𝑓𝑏 
                                                                         𝑍𝑓                                    c   
                                                             𝐼𝑓𝑐 
 
                         Figure 1.11 Line-to- Line fault with fault impedance 
By using method of symmetrical component 
    �
𝐼𝑓𝑎0
𝐼𝑓𝑎1
𝐼𝑓𝑎2
� =  1
3
�
1 1 11 𝑎 𝑎21 𝑎2 𝑎 � � 0𝐼𝑓𝑏−𝐼𝑓𝑏�                             (1.64) 
Then 
                                           𝐼𝑓𝑎0 = 0                                                                (1.65) 
                                            𝐼𝑓𝑎1 =  13 (𝑎 − 𝑎2)𝐼𝑓𝑏                                            (1.66) 
                                            𝐼𝑓𝑎2 =  13 (𝑎2 − 𝑎)𝐼𝑓𝑏                                            (1.67) 
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We can assume that 
                                           𝐼𝑓𝑎1 =  −𝐼𝑓𝑎2                                                         (1.68) 
 
                                2.3.3 Double Line-to ground faults 
 Double line to ground faults occur when any two lines of three lines comes 
in contact with the ground. Assume that the fault occurs on phase b and phase c 
through impedance 𝑍𝑓 to ground. The fault conditions for this type of fault are 
                                           𝐼𝑓𝑎 = 0        𝑉𝑓𝑏 =  𝑉𝑓𝑐 =  �𝐼𝑓𝑏 + 𝐼𝑓𝑐�𝑍𝑓                   (1.69) 
 
                                            
                                                                                                  a                                                 
                                                                             
               Sending                                                                      b  
              Terminal                                 𝐼𝑓𝑏 
                                                                                                  c                                              
                                                              𝐼𝑓𝑐                                       
                                                   �𝐼𝑓𝑏 + 𝐼𝑓𝑐� 
                                            𝑍𝑓 
 
                                     Figure1.12 Double Line-to ground fault  
 
                                          �
𝐼𝑓𝑎0
𝐼𝑓𝑎1
𝐼𝑓𝑎2
� =  1
3
�
1 1 11 𝑎 𝑎21 𝑎2 𝑎 � � 0𝐼𝑓𝑏𝐼𝑓𝑐�                                  (1.70) 
                                           𝐼𝑓𝑎0 =  13 �𝐼𝑓𝑏 + 𝐼𝑓𝑐�                                               (1.71) 
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          Since  
                                           𝑉𝑏 =  𝑉𝑐 =  �𝐼𝑓𝑏 + 𝐼𝑓𝑐�𝑍𝑓                                        (1.72) 
         Then 
                                           𝑉𝑏 =  𝑉𝑐 =  3𝑍𝑓𝐼𝑓𝑎0                                               (1.73) 
          Use the method of symmetrical component to find  𝑉𝑓𝑏 
                                          �
𝑉𝑎0
𝑉𝑎1
𝑉𝑎2
� =  1
3
�
1 1 11 𝑎 𝑎21 𝑎2 𝑎 � �𝑉𝑎𝑉𝑏𝑉𝑐 �                                   (1.74) 
                                           𝑉𝑎1 =  13 (𝑉𝑎 + 𝑎𝑉𝑏 + 𝑎2𝑉𝑐)                                    (1.75) 
                                           𝑉𝑎2 =  13 (𝑉𝑎 + 𝑎2𝑉𝑏 + 𝑎𝑉𝑐)                                    (1.76) 
         Thus 
                                           𝑉𝑎1 =  𝑉𝑎2                                                            (1.77) 
                                           𝑉𝑎0 =  13 (𝑉𝑎 + 𝑉𝑏 + 𝑉𝑐)                                         (1.78) 
          Because 𝑉𝑏 =  𝑉𝑐 
                                           3𝑉𝑎0  =  𝑉𝑎 + 2𝑉𝑏                                                  (1.79) 
                                                     =  (𝑉𝑎0 + 𝑉𝑎1 + 𝑉𝑎2) + 2�3𝑍𝑓𝐼𝑓𝑎0�              (1.80) 
                                                     =  �𝑉𝑎0 + 2𝑉𝑎1 + 2�3𝑍𝑓𝐼𝑓𝑎0��                     (1.81) 
                                           2𝑉𝑎0 − 2�3𝑍𝑓𝐼𝑓𝑎0� = 2𝑉𝑎1                                     (1.82) 
          We obtain 
                                           𝑉𝑎1 = 𝑉𝑎0 − �3𝑍𝑓𝐼𝑓𝑎0�                                           (1.83) 
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         The fault current can be obtained as 
                                           𝐼𝑓𝑎0 =  −𝐼𝑓𝑎1 � 𝑍2𝑍2+𝑍0+3𝑍𝑓�                                       (1.84) 
                                           𝐼𝑓𝑎1 =  𝑉𝑓
𝑍1+�
𝑍2�𝑍0+3𝑍𝑓�
𝑍2+𝑍0+3𝑍𝑓
�
                                             (1.85) 
                                           𝐼𝑓𝑎2 =  −𝐼𝑓𝑎1 � 𝑍0+3𝑍𝑓𝑍2+𝑍0+3𝑍𝑓�                                       (1.86) 
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CHAPTER TWO 
REVIEW OF LITERATURES 
Review of Existing Fault Location Algorithm 
Many proposals for improving fault distance estimation for parallel 
transmission lines have been developed and presented in the past. 
In [1], the mutual coupling impedances between the parallel transmission 
lines are presented.  Zero-sequence mutual impedances are about 50-55% of 
the zero-sequence self-impedances and will lead to significant error if the 
calculation of the fault location does not take it into account. 
In [2], the authors propose a method for parallel transmission line fault 
location using one-end data. Data obtained from the fault lines and sound line 
are utilized to derive the sequence phase voltage and sequence phase current 
equations at the relay location to calculate the fault distance by eliminating the 
terms containing the sequence current from the other end. With the boundary 
condition, the fault distance estimation can be obtained. However, while this 
method is independent of fault resistance, load currents, source impedance, and 
remote in-feed, yet shunt capacitance is neglected which might lead to errors in 
the calculation of fault distance.  
In [3], one terminal algorithm using local voltages and current near end of 
the faulted line has been employed.  The zero-sequence current from the near 
end of the healthy line is used as the input signals. The authors use the 
compensation techniques to compensate for the errors that cause from the fault 
resistance. 
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 In [4], an adaptive protective relaying scheme for parallel-line distance 
protection is proposed. A detailed algorithm is used to improve the distance 
protection performance for parallel lines affected by mutual coupling effect.  The 
algorithm takes into account the zero-sequence current of the parallel circuit to 
compensate for the mutual effect. To improve performance, the algorithm solves 
the problem based on zero sequence on the parallel line, the line operating 
status, and the default zero-sequence compensation factor, respectively.   
 J. Izykowski, E. Rosolowski, and M. Mohan Saha [5] proposed a fault 
location algorithm for parallel transmission lines by using the voltage and current 
phasors at one end.  The complete measurement of the three-phase voltages 
and three-phase currents from a faulted line and a healthy line are measured by 
the fault locator.  The fault current is calculated without the zero sequence by 
setting the current to zero to exclude the zero sequence components.  According 
to the availability of complete measurements at one end, the derived algorithm is 
a very simple first-order form because the fault location algorithm does not 
include any source impedance, then the algorithm is not influenced by the 
varying source impedances or fault resistance 
 In A. Wiszniewski [6], an algorithm for locating fault on transmission line 
has been proposed.  The accuracy of the fault location is affected by the fault 
resistance since the fault current through the fault resistance shifts in phase with 
the current measured at the end of the line.  The algorithm will compensate and 
accurately locate the fault. 
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 The authors in [7] present an algorithm that deals with non-earth faults on 
one of the circuits of parallel transmission line. Three voltage equations from one 
end to a faulty line to the fault point were established based on symmetrical 
component. Then adding these three equations together to form the equation 
with fault current and fault resistance as unknowns. By applying Kirchhoff voltage 
law(KVL) the fault current can be expressed as a function of fault location. Then 
fault resistance and fault location can be obtained by solving those equations. 
This algorithm does not consider shunt capacitance which may cause errors for 
the long transmission lines.  
 The authors of [8] propose a technique for using the data from two 
terminals of the transmission line to estimate fault location.  The lumped 
parameter line model is adopted and the shunt capacitance for long transmission 
line is compensated in an iterative calculation. This technique is independent 
from the fault type, fault resistance, load current, and source impedance.  
Synchronization of data is not required for this technique.  Real-time 
communication is not needed for this analysis, only the off-line post-fault 
analysis. 
 A new digital relaying technique for parallel transmission lines is presented 
in [9].  This technique uses only one relay at each end of the two terminals.  The 
technique provides a simple protection technique without requiring any complex 
mathematics while avoiding software and hardware complications. 
 The author in [10] proposes a novel digital distance-relaying technique for 
transmission line protection.  Two relays instead of four are used for a parallel 
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transmission line.  One is at the beginning and the other is at the end.  Each 
relay receives three voltages and six current signals from the parallel line.  This 
technique compares the measured impedance of the corresponding phase.  It 
solves the complexities of the type of faults, high fault resistance, mutual effects, 
and current in-feed. 
 In [11], the protection of double-circuit line using wavelet transform is 
proposed.  The authors propose using the powerful analyzing and decomposing 
features of wavelet transform to solve the problems in a double transmission line 
when protected by a distance relay.  The technique uses three-line voltages and 
six-line current of the parallel transmission lines at each end.  The algorithm is 
based on a comparison of the detailed coefficient of corresponding phases.  The 
proposed method will eliminate problems such as high fault resistance, cross-
country fault, mutual coupling effect, current in-feed, and fault near a remote bus. 
 A high-resistance fault on two terminal parallel transmission lines is 
presented in [12].  The paper discusses the problems faced by a conventional 
non-pilot distance relay when protecting two terminal parallel transmission lines. 
These problems include ground fault resistance, prefault system conditions, 
mutual effects of parallel lines, and shunt capacitance influences.  The paper 
also presents a detailed analysis of impedance by the taking into account the 
relaying point, mutual effects of parallel lines, shunt capacitance influences, and 
the system external to the protected line. 
 The authors in [13] propose avoiding under-reaching in twin circuit lines 
without residual current input from the parallel line.  The mutual coupling effect is 
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one problem for transmission line protection from single phase-to-earth faults on 
multiple circuit towers. The zero sequence of the lines gets mutual coupled 
causing an error in the impedance seen by the relay.  This causes the distance 
protection relay at one end of the faulty line to overreach and the relay at the 
other end to under-reach, which may lead to false trip of the healthy line.  The 
authors propose the characteristic expression for the effectiveness experienced 
by a double circuit with and without mutual coupling and develop a non-iterative 
microprocessor-based real-time algorithm for computing fault distance and zero-
sequence compensation in the distance relay scheme. 
 Reference [14] presents a method to locate the faults location in parallel 
transmission lines without any measurements from the healthy line circuit.  The 
paper discusses a new one-end fault location algorithm for parallel transmission 
lines.  The method considers the flow of currents for the zero sequence and 
utilizes the relation between the sequence components of a total fault current 
relevant for single phase-to ground faults.  This allows reflecting the mutual 
coupling effect under phase-to ground faults without using the zero sequence 
current from the healthy line circuit.   
 In [15] the transmission line fault location methods have been presented.  
Instead of using both voltage and current, the method utilizes only the voltage as 
an input and eliminates the use of current that caused errors because of the 
saturation of current transformer.  The fault location algorithms used 
unsynchronized voltage measured during the fault. The algorithm also considers 
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shunt capacitance. The source impedances are assumed to be available at two 
terminals. 
 Authors [16] present the method for deriving an optimal estimation of the 
fault location that can detect and identify the bad measurement to minimize the 
measurement errors for improving the fault location estimation.  The derivation is 
based on the distributed parameter line model and fully considers the effect of 
shunt capacitance. 
 Author [17] presents the derivation of the equivalent PI circuit for the zero-
sequence networks of a double-circuit line based on distributed parameter 
model. The author applies the symmetrical component transformation that result 
in positive sequence, negative sequence, and zero sequence. The mutual 
coupling effect is taking into account for zero sequence analysis and the effects 
of shunt capacitance and a long line effect is considered. 
 More references can be found in [18]-[24] regarding the studied subject.  
 The algorithm based on lumped parameter model is presented in [25] to 
introduce the errors for long transmission lines.  The algorithm needs only the 
magnitude of the current from different terminal that is the different current in 
different circuit measured at the same terminal.  Because of this algorithm is 
develop in three terminal parallel transmission line, thus each terminal network 
should be converted to an equivalent three terminal network. The algorithm 
needs only the differences of the current, thus synchronization of the terminal is 
not required. This algorithm is independent of the fault resistance and any source 
impedances. 
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Reference [26] presents a method to locate the faults location in parallel 
transmission lines due to the mutual coupling effects between circuits of the lines 
by using the data from only one end of the line.  The algorithm is based on 
modifying the impedance method using modal transformation that transform the 
coupled equations of the transmission lines into decoupled equations, then the 
elimination of the mutual effects resulting in an accurate estimation for the fault 
location. 
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CHAPTER THREE 
PROPOSED NEW FAULT LOCATION ALGORITHM FOR PARALLEL 
TRANSMISSION LINES 
 
Each of the research proposals cited above for determining the 
transmission line fault location has its own advantages and 
disadvantages, depending on the availability of the system measurement.  
In this research, I will explore new methods for extracting a more accurate 
estimation of fault location in long parallel transmission lines by using the 
equivalent PI circuit based on a distributed parameter line model.  The 
new method, assuming the local voltage and current are available, will 
fully consider the mutual coupling impedance, the mutual coupling 
admittance and shunt capacitance for high precision in fault distance 
estimation. This research builds upon and extends the work of [2] by 
accurately considering the shunt capacitances of lines. 
          1.  MODEL USED 
 The new method uses only the voltage and current from one end of 
parallel lines to calculate the fault distance [2]. This method is independent of the 
fault resistance, remote infeed, and source impedance. This method is using 
shunt capacitance based on distributed parameter line model and mutual 
coupling between lines instead of lump parameter to improve the fault distance 
estimation for parallel transmission lines. 
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                      P   13I                                                                 23I    Q      
 
 
                            14I                                    4V                         24I  
 
                                                                         fI                                                                                   
  
  
     Figure3.1. System diagram used in the development of the new algorithm 
 
To get the proposed algorithm to work, the power system model shown in 
fig. 1 is used to develop the method for improving fault distance estimation for 
parallel transmission lines using only voltage and current from only one end of 
the parallel transmission lines. This power system model consists of two 
generators, two parallel transmission lines and four buses: 1, 2, 3, and 4. We 
have assumed that one of the parallel lines is experiencing a fault at bus 4.  After 
we have finished with the model, ATP-EMTP (Alternative Transient Program), 
special software for the simulation and analysis transient in power system, will be 
used for the simulation and analysis. The model will be designed to study 
transient state while fault occurs in the power system. ATP-EMTP has been 
utilized to generate fault cases under various fault conditions with different fault 
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locations, fault types and fault resistances.  ATP-EMTP will give the 
outputs in voltage, current, power and energy versus times.  All of the 
output files from ATP-EMTP simulation will be saved as an .atp file and 
then converted to a data file in .pl4 format for Matlab (Matrix laboratory) to 
use for analysis. In the other words, EMTP will give an output in time 
domain signals that is the simulation of the fault condition. Then we will 
use Matlab to convert time domain signals to frequency domain by using 
FFT to get phasors to use as input for the algorithm. In this research we 
assume that one of the parallel lines PQ that is 300 km long was selected 
to experience the fault at F. The fault is 100 km away from bus P with 10 
ohms fault resistance.  The system has the base voltage of 400 kV and 
frequency is 50 Hz.  The transmission lines are fully distributed and the 
parameters of the transmission lines are obtained from the table below: 
 
Table 3.1 Parameters per km of zero-sequence networks of a parallel line 
Parameter Value 
Series impedance(ohm/km) 0.268+j1.0371 
Mutual impedance(ohm/km) 0.23+j0.6308 
Shunt admittance(S/km) j2.7018e-6 
Mutual admittance 𝒚𝒎 (S/km) j1.6242e-6 
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Table 3.2 Parameters per km of positive-sequence networks of a parallel 
lines       
Parameter Value 
Series impedance(ohm/km) 0.061+j0.3513 
Shunt admittance(S/km) j4.66e-6 
 
Table 3.3.Source impedance at P and Q  
Parameter Terminal P Terminal Q 
Positive-sequence source impedance(ohm) 0.3190+j19.7544 0.4745+j28.6908 
Zero-sequence source impedance(ohm) 0.2872+j8.4968 0.6829+j23.9267 
 
 Voltages and currents data in the system model at terminal P have been 
generated under various fault types and fault conditions.  The data were utilized 
in the algorithm in [2] Y. Liao, S. Elangovan, “Digital Distance Relaying Algorithm 
for First-Zone Protection for Parallel Transmission Lines,” Proc.-Gener. Transm. 
Distrib. IEE, 1998, 145, (5), pp.531-536., to implement and evaluate the 
simulated data for fault distance and fault resistance  The results shown above 
will be used to compare with the results of my proposed algorithm. 
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          2.  Proposed Equivalent PI Circuit Model for New Fault Location 
Algorithm for Parallel Transmission lines  
The symmetrical component theory will be used to design the 
model.  Shunt capacitance, mutual admittance, and mutual impedance 
have to be considered for zero sequence. 
                     2.1 Positive Sequence Network   
The positive sequence, the negative sequence, and zero sequence networks of 
the parallel transmission line are depicted in Figure 1, Figure 2, and Figure 3 
respectively.  The parallel circuits are assumed to have the same parameter.  
Buses are denoted by P and Q, while R is the fault location.  
 
Figure 3.2. Equivalent PI circuit of positive sequence network of the system 
during the fault 
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In figure 14, the following notations are adopted: 
pV1  , qV1           positive sequence voltage during the fault at P and Q 
11rV , 21rV            positive sequence voltage during the fault at R at line 1 and 2 
11pI  , 11qI            positive sequence current during the fault at P and Q at line 1 
11prI  , 11qrI        positive sequence current during the fault at R at line 1 
 21pI  , 21qI           Positive sequence current  during the fault at P and Q at line 2 
21prI  , 21qrI       positive sequence current during the fault at R at line 2 
11prZ  , 11qrZ        equivalent series impedance of the line  PR and QR at line 1 
21prZ  , 21qrZ       equivalent series impedance of the line  PR and QR at line 2 
𝑌1𝑝𝑟1 ,𝑌1𝑞𝑟1      equivalent shunt admittance of the line PR and QR at line 1 
𝑌1𝑝𝑟2 ,𝑌1𝑞𝑟2      equivalent shunt admittance of the line PR and QR at line 2 
1fI                    positive sequence fault current  at R 
1l                      fault distance from P to R in mile or km 
The equivalent line parameters are calculated based on the distributed 
parameter line model as [17]: 
𝑍1𝑐1 =  �𝑧1𝑠1 𝑦1𝑠1⁄                                                                                           (3.1) 
𝛾1𝑠1 =  �𝑧1𝑠1𝑦1𝑠1                                                                                            (3.2) 
𝑍1𝑐2 =  �𝑧1𝑠2 𝑦1𝑠2⁄                                                                                           (3.3) 
𝛾1𝑠2 =  �𝑧1𝑠2𝑦1𝑠2                                                                                             (3.4) 
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Where 
11cZ       characteristic impedance of the line 1 
11sγ        propagation constant of the line 1 
21cZ       characteristic impedance of the line 2 
21sγ        propagation constant of the line 2 
11sz ,  11sy    positive sequence series impedance and shunt admittance of line 1 
             per mile or km, respectively. 
21sz , 21sy   positive sequence series impedance and shunt admittance of line 2 per 
mile or km, respectively. 
𝑍1𝑝𝑟1 =  𝑍1𝑐1 sinh(𝛾1𝑠1𝑙1)                                                                                (3.5) 
𝑍1𝑞𝑟1 =  𝑍1𝑐1 sinh[𝛾1𝑠1(𝑙 − 𝑙1)]                                                                        (3.6) 
𝑍1𝑝𝑟2 =  𝑍1𝑐2 sinh(𝛾1𝑠2𝑙1)                                                                                (3.7) 
𝑍1𝑞𝑟2 =  𝑍1𝑐2 sinh[𝛾1𝑠2(𝑙 − 𝑙1)]                                                                        (3.8) 
𝑌1𝑝𝑟1 =  2𝑍1𝑐1 tanh �𝛾1𝑠1𝑙12 �                                                                                  (3.9) 
𝑌1𝑞𝑟1 =  2𝑍1𝑐1 tanh �𝛾1𝑠1(𝑙−𝑙1)2 �                                                                              (3.10) 
𝑌1𝑝𝑟2 =  2𝑍1𝑐2 tanh �𝛾1𝑠2𝑙12 �                                                                                  (3.11) 
𝑌1𝑞𝑟2 =  2𝑍1𝑐2 tanh �𝛾1𝑠2(𝑙−𝑙1)2 �                                                                              (3.12) 
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                     2.2 Negative Sequence Network  
 
Figure 3.3.Equivalent PI circuit of negative sequence network of the system 
during the fault 
In figure 15, the following notations are adopted: 
pV2  , qV2            Negative sequence voltage during the fault at P and Q 
12rV , 22rV              Negative sequence voltage during the fault at R at line 1 and 2 
respectively 
12 pI  , 12qI           Negative sequence current during the fault at P and Q at line 1 
12 prI  , 12qrI       Negative sequence current during the fault at R at line 1  22 pI  , 22qI         Negative sequence current during the fault at P and Q at line 2 
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22 prI  , 22qrI        Negative sequence current during the fault at R at line 2 
11prZ  , 11qrZ        equivalent series impedance of the line PR and QR at line 1 
21prZ  , 21qrZ     equivalent series impedance of the line PR and QR at line 2  11prY  , 11qrY        Equivalent shunt admittance of the line PR and QR at line 1 
  21prY  , 21qrY        Equivalent shunt admittance of the line PR and QR at line 2 
2fI                    Negative sequence fault current at R 
1l                      Fault distance from P to R in mile or km 
The equivalent line parameters are calculated based on the distributed 
parameter line model as[17]: 
𝒁𝟏𝒄𝟏 =  �𝒛𝟏𝒔𝟏 𝒚𝟏𝒔𝟏⁄                                                                                          (3.13) 
𝜸𝟏𝒔𝟏 =  �𝒛𝟏𝒔𝟏𝒚𝟏𝒔𝟏                                                                                           (3.14) 
𝒁𝟏𝒄𝟐 =  �𝒛𝟏𝒔𝟐 𝒚𝟏𝒔𝟐⁄                                                                                          (3.15) 
𝜸𝟏𝒔𝟐 =  �𝒛𝟏𝒔𝟐𝒚𝟏𝒔𝟐                                                                                           (3.16) 
 
Where 
11cZ      characteristic impedance of the line 1 
11sγ       propagation constant of the line 1 
21cZ      characteristic impedance of the line 2 
21sγ       propagation constant of the line 2 
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11sz , 11sy     positive sequence series impedance and shunt admittance of line 1 
per mile or km, respectively. 
21sz ,  21sy  positive sequence series impedance and shunt admittance of line 2 
per mile or km, respectively. 
𝒁𝟏𝒑𝒓𝟏 =  𝒁𝟏𝒄𝟏 𝐬𝐢𝐧𝐡(𝜸𝟏𝒔𝟏𝒍𝟏)                                                                              (3.17) 
𝒁𝟏𝒒𝒓𝟏 =  𝒁𝟏𝒄𝟏 𝐬𝐢𝐧𝐡[𝜸𝟏𝒔𝟏(𝒍 − 𝒍𝟏)]                                                                      (3.18) 
𝒁𝟏𝒑𝒓𝟐 =  𝒁𝟏𝒄𝟐 𝐬𝐢𝐧𝐡(𝜸𝟏𝒔𝟐𝒍𝟏)                                                                              (3.19) 
𝒁𝟏𝒒𝒓𝟐 =  𝒁𝟏𝒄𝟐 𝐬𝐢𝐧𝐡[𝜸𝟏𝒔𝟐(𝒍 − 𝒍𝟏)]                                                                      (3.20) 
𝒀𝟏𝒑𝒓𝟏 =  𝟐𝒁𝟏𝒄𝟏 𝐭𝐚𝐧𝐡 �𝜸𝟏𝒔𝟏𝒍𝟏𝟐 �                                                                                (3.21) 
𝒀𝟏𝒒𝒓𝟏 =  𝟐𝒁𝟏𝒄𝟏 𝐭𝐚𝐧𝐡 �𝜸𝟏𝒔𝟏(𝒍−𝒍𝟏)𝟐 �                                                                            (3.22) 
𝒀𝟏𝒑𝒓𝟐 =  𝟐𝒁𝟏𝒄𝟐 𝐭𝐚𝐧𝐡 �𝜸𝟏𝒔𝟐𝒍𝟏𝟐 �                                                                                (3.23) 
𝒀𝟏𝒒𝒓𝟐 =  𝟐𝒁𝟏𝒄𝟐 𝐭𝐚𝐧𝐡 �𝜸𝟏𝒔𝟐(𝒍−𝒍𝟏)𝟐 �                                                                            (3.24) 
 
 
 
 
 
 
 
 
                    
38 
 
  2.3 Zero Sequence Network 
 
  
 
Figure 3.4.Equivalent PI circuit of mutually coupled zero-sequence network of the 
system during the fault  
 
In figure 16, the following notations are adopted: 
pV0  , qV0          zero sequence voltage during the fault at P and Q 
10rV  , 20rV         zero sequence voltage during the fault at R at line 1 and 2   
𝑰𝟎𝒑𝟏 , 𝑰𝟎𝒒𝟏          zero sequence current  during the fault at P and Q at line 1 
𝑰𝟎𝒑𝒓𝟏 , 𝑰𝟎𝒒𝒓𝟏        zero sequence current during the fault at R at line 1  
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𝑰𝟎𝒑𝟐 , 𝑰𝟎𝒒𝟐          zero sequence current  during the fault at P and Q at line 2 
𝑰𝟎𝒑𝒓𝟐 , 𝑰𝟎𝒒𝒓𝟐        zero sequence current  during the fault at R  at line 2 
𝒁𝒑𝒓𝟏 ,𝒁𝟎𝒒𝒓𝟏      equivalent series impedance of the line  PR and QR at line 1 
𝒁𝒑𝒓𝟐 ,𝒁𝟎𝒒𝒓𝟐      equivalent series impedance of the line  PR and QR at line 2 
𝒀𝟎𝒑𝒓𝟏 ,𝒀𝟎𝒒𝒓𝟏      equivalent shunt admittance of the line PR and QR at line 1 
𝒀𝟎𝒑𝒓𝟐 ,𝒀𝟎𝒒𝒓𝟐      equivalent shunt admittance of the line PR and QR at line 2 
 Y , mY             total equivalent self and mutual shunt admittance 
Z , mZ             total equivalent self and mutual series impedance 
y                    shelf shunt admittance of the line per unit length 
my                   mutual shunt admittance between line per unit length 
z                     self-series impedance between lines per unit length 
mz                    mutual series impedance between lines per unit length  
0fI                   zero sequence fault current  at R 
1l                     fault distance from P to R in mile or km 
 
In the mode domain, define 
 
𝒁𝒄𝒎𝟏 =  �(𝒛 − 𝒛𝒎) (𝒚 + 𝟐𝒚𝒎)⁄                                                                        (3.25) 
𝒁𝒄𝒎𝟐 =  �(𝒛 − 𝒛𝒎) 𝒚⁄                                                                                      (3.26) 
𝜸𝒎𝟏 =  �(𝒛 − 𝒛𝒎)(𝒚 + 𝟐𝒚𝒎)                                                                           (3.27) 
𝜸𝒎𝟐 =  �(𝒛 + 𝒛𝒎)𝒚                                                                                         (3.28) 
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𝒁𝟎𝒑𝒓𝟏 =  𝟏𝟐 [𝒁𝒄𝒎𝟐 𝐬𝐢𝐧𝐡(𝜸𝒎𝟐𝒍𝟏) + 𝒁𝒄𝒎𝟏 𝐬𝐢𝐧𝐡(𝛾𝒎𝟏𝒍𝟏)]                                         (3.29) 
𝒁𝟎𝒑𝒓𝟐 =  𝟏𝟐 [𝒁𝒄𝒎𝟐 𝐬𝐢𝐧𝐡(𝜸𝒎𝟐𝒍𝟏) + 𝒁𝒄𝒎𝟏 𝐬𝐢𝐧𝐡(𝜸𝒎𝟏𝒍𝟏)]                                         (3.30) 
𝒁𝟎𝒒𝒓𝟏 =  𝟏𝟐 �𝒁𝒄𝒎𝟐 𝐬𝐢𝐧𝐡�𝜸𝒎𝟐(𝒍 − 𝒍𝟏)� + 𝒁𝒄𝒎𝟏 𝐬𝐢𝐧𝐡�𝜸𝒎𝟏(𝒍 − 𝒍𝟏)��                       (3.31) 
𝒁𝟎𝒒𝒓𝟐 =  𝟏𝟐 �𝒁𝒄𝒎𝟐 𝐬𝐢𝐧𝐡�𝜸𝒎𝟐(𝒍 − 𝒍𝟏)� + 𝒁𝒄𝒎𝟏 𝐬𝐢𝐧𝐡�𝜸𝒎𝟏(𝒍 − 𝒍𝟏)��                       (3.32) 
𝒁𝒎𝒑𝒓 =  𝟏𝟐 [𝒁𝒄𝒎𝟐 𝐬𝐢𝐧𝐡(𝜸𝒎𝟐𝒍𝟏) − 𝒁𝒄𝒎𝟏 𝐬𝐢𝐧𝐡(𝜸𝒎𝟏𝒍𝟏)]                                         (3.33) 
𝒁𝒎𝒒𝒓 =  𝟏𝟐 �𝒁𝒄𝒎𝟐 𝐬𝐢𝐧𝐡�𝜸𝒎𝟐(𝒍 − 𝒍𝟏)� − 𝒁𝒄𝒎𝟏 𝐬𝐢𝐧𝐡�𝜸𝒎𝟏(𝒍 − 𝒍𝟏)��                        (3.34) 
𝒀𝟎𝒑𝒓𝟏 =  𝟐 𝐭𝐚𝐧𝐡(𝜸𝒎𝟐𝒍𝟏 𝟐⁄ )𝒁𝒄𝒎𝟐                                                                                      (3.35) 
𝒀𝟎𝒑𝒓𝟐 =  𝟐 𝐭𝐚𝐧𝐡(𝜸𝒎𝟐𝒍𝟏 𝟐⁄ )𝒁𝒄𝒎𝟐                                                                                      (3.36) 
𝒀𝟎𝒒𝒓𝟏 =  𝟐 𝐭𝐚𝐧𝐡(𝜸𝒎𝟐(𝒍−𝒍𝟏) 𝟐⁄ )𝒁𝒄𝒎𝟐                                                                                 (3.37) 
𝒀𝟎𝒒𝒓𝟐 =  𝟐 t𝐚𝐧𝐡(𝜸𝒎𝟐(𝒍−𝒍𝟏) 𝟐⁄ )𝒁𝒄𝒎𝟐                                                                                 (3.38) 
𝒀𝒎𝒑𝒓 =  𝐭𝐚𝐧𝐡(𝜸𝒎𝟏𝒍𝟏 𝟐⁄ )𝒁𝒄𝒎𝟏 − 𝐭𝐚𝐧𝐡(𝜸𝒎𝟐𝒍𝟏 𝟐⁄ )𝒁𝒄𝒎𝟐                                                                    (3.39) 
𝒀𝒎𝒒𝒓 =  𝐭𝐚𝐧𝐡(𝜸𝒎𝟏(𝒍−𝒍𝟏) 𝟐⁄ )𝒁𝒄𝒎𝟏 − 𝐭𝐚𝐧𝐡(𝜸𝒎𝟐(𝒍−𝒍𝟏) 𝟐⁄ )𝒁𝒄𝒎𝟐                                                         (3.40) 
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 2.4 Proposed Distributed Parameter Line Model Based Algorithm 
The distributed parameter line model will be adopted for the long transmission 
lines.  Based on the sequence networks, the following equations are obtained: 
Positive Sequence: 
pV1  = 






+ 11
11
11 2 pr
pr
r I
Y
V
11prZ + 11rV                                                                     (3.41) 
11pI  =  
11
11
11
11
1 22 pr
pr
r
pr
p I
Y
V
Y
V ++
                                                                      (3.42) 
212121
21
211 2 rprpr
pr
rp VZI
Y
VV +





+=
                                                                     (3.43) 
pp VI 121 = 21
21
21
21
22 pr
pr
r
pr I
Y
V
Y
++
                                                                      (3.44) 
112111
11
111 2 rprqr
qr
rq VZI
Y
VV +





+=
                                                                      (3.45) 
11
11
11
11
111 22 qr
qr
r
qr
qq I
Y
V
Y
VI ++=
                                                                          (3.46) 
212121
21
211 2 rqrqr
qr
rq VZI
Y
VV +





+=
                                                                     (3.47) 
21
21
21
21
121 22 qr
qr
r
qr
qq I
Y
V
Y
VI ++=
                                                                       (3.48) 
( ) sefqrprr VRIIV 1111111 ++=                                                                                (3.49) 
21
21
121121 2 pr
pr
pppr Z
Y
VIVV 





−−=
                                                                     (3.50) 
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Negative Sequence: 
pV2  = 






+ 12
11
12 2 pr
pr
r I
Y
V
11prZ + 12rV                                                                   (3.51) 
12 pI  =  
12
11
12
11
2 22 pr
pr
r
pr
p I
Y
V
Y
V ++
                                                                    (3.52) 
222122
21
222 2 rprpr
pr
rp VZI
Y
VV +





+=
                                                                 (3.53) 
pp VI 222 = 22
21
22
21
22 pr
pr
r
pr I
Y
V
Y
++
                                                                     (3.54) 
121112
11
122 2 rprqr
qr
rq VZI
Y
VV +





+=
                                                                    (3.55) 
12
11
12
11
212 22 qr
qr
r
qr
qq I
Y
V
Y
VI ++=
                                                                        (3.56) 
222122
21
222 2 rqrqr
qr
rq VZI
Y
VV +





+=
                                                                  (3.57) 
22
21
22
21
222 22 qr
qr
r
qr
qq I
Y
V
Y
VI ++=
                                                                      (3.58) 
( ) sefqrprr VRIIV 2121212 ++=                                                                               (3.59) 
21
21
222222 2 pr
pr
pppr Z
Y
VIVV 





−−=
                                                                   (3.60) 
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Zero Sequence: 
We have: 












=





2
1
2
1
2
1
I
I
ZZ
ZZ
V
V
dx
d
m
m
                                                                                (3.61) 












+−
−+
=





2
1
2
1
2
1
V
V
yyy
yyy
I
I
dx
d
mm
mm
                                                                   (3.62) 
Where, 
2,1 zz       self series impedance per unit length of line 1 and line 2 respectively 
21 , yy     self shunt admittance per unit length of line 1 and line 2 respectively 
Transformation matrices  and  iT  





−
2
11
zz
zz
T
m
m
v 





=
2
1
0
0
m
m
i z
z
T
                                                                          (3.63) 






=





+−
−+−
2
1
2
11
0
0
m
m
v
mm
mm
i y
y
T
yyy
yyy
T
                                                            (3.64) 
Then we can define 






=
2221
1211
aa
aa
Tv
                                                                                               (3.65) 






=−
2221
12111
AA
AA
Tv
                                                                                            (3.66) 
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The following equations are derived: 
 
1000
20
020100
10
0100 222222 rmpr
mpr
p
mpr
p
pr
pppr
mpr
op
mpr
p
pr
ppp VZ
Y
V
Y
V
Y
VIZ
Y
V
Y
V
Y
VIV +





+−−+





+−−=
  (3.67)
222 00
10
010
mpr
p
mpr
p
pr
pp
Y
V
Y
V
Y
VI −+=
                                                        (3.68) 
2000
10
010200
20
0200 222222 rmpr
mpr
p
mpr
p
pr
pppr
mpr
op
mpr
p
pr
ppp VZ
Y
V
Y
V
Y
VIZ
Y
V
Y
V
Y
VIV +





+−−+





+−−=
   (3.69) 
222 00
20
020
mpr
p
mpr
p
pr
pp
Y
V
Y
V
Y
VI −+=
      (3.70) 
1000
20
020100
10
0100 222222 rmqr
mqr
q
mqr
q
qr
qqqr
mqr
oq
mqr
q
qr
qqq VZ
Y
V
Y
V
Y
VIZ
Y
V
Y
V
Y
VIV +





+−−+





+−−=
          (3.71) 
222 00
10
010
mqr
q
mqr
q
qr
qq
Y
V
Y
V
Y
VI −+=
                                                                  (3.72) 
2000
10
010200
20
0200 222222 rmqr
mqr
q
mqr
q
qr
qqqr
mqr
oq
mqr
q
qr
qqq VZ
Y
V
Y
V
Y
VIZ
Y
V
Y
V
Y
VIV +





+−−+





+−−=
    (3.73) 
222 00
20
020
mqr
q
mqr
q
qr
qq
Y
V
Y
V
Y
VI −+=
                                                                 (3.74) 
( ) sefqrprr VRIIV 0101010 ++=                                                                              (3.75) 
These equations form the basis for developing the fault location 
algorithm for different types of faults as described in the next section. 
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 2.5 Proposed New Method to Estimate Fault Distance and Fault 
Resistance 
     The new method will approach the problem by deriving all equations from 
positive sequence, negative sequence, and zero sequence network by using KVL 
and KCL. Then, this research will employ function in Matlab program called 
Fsolve for iterative calculation. 
     An a-g type of fault will be considered first, and then the other types of 
fault will be tackled later. The boundary condition for an a-g fault is 
                                          0210 =++ sesese VVV                                                (3.76) 
The transformation below will be adopted: 
                                          



















=










2
1
0
2
2
1
1
111
V
V
V
aa
aa
V
V
V
c
b
a
                                        (3.77) 
Where                                2
3
2
11201 ja o +−=∠=
                                       (3.78) 
The zero, positive, and negative sequence of each phase can be derived as 
follow: 
                                          



















=










c
b
a
V
V
V
aa
aa
V
V
V
2
2
2
1
0
1
1
111
3
1
                                      (3.79) 
And the same for current: 
                                          



















=










c
b
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                                2.5.1 Proposed Algorithm 
This research approaches the problem by deriving all equations 
from positive sequence, negative sequence, and zero sequence network 
by using KVL and KCL. Then, the fault location is obtained by solving 
these equations. The Newton-Raphson approach can be used to solve the 
unknowns as follows. 
Define the following function vector: 
                                           𝒇𝒊 = 𝟎, 𝒊 = 𝟏, …𝟐                                                (3.81) 
                                          𝒇𝟏=𝒓𝒆𝒂𝒍(𝒇)                                                              (3.82) 
                                          𝒇𝟐=𝒊𝒎𝒂𝒋(𝒇)                                                             (3.83) 
                                           f(x) = [𝒇𝟏(𝒙),𝒇𝟐(𝒙)]𝑻                                           (3.84) 
The Jacobian matrix J(x) is calculated as: 
                                           Jij (x) = 𝝏𝒇𝒊(𝒙)
𝝏𝒙𝒋
 , 𝒊 = 𝟏, … . ,𝟐, 𝒋 = 𝟏, … ,𝟐                 (3.85) 
Where 
Jij (x) the element in 𝒊𝒕𝒉 row and  𝒋𝒕𝒉 column of J(x) 
The unknown can be obtained following an iterative procedure. In the 𝒌𝒕𝒉 
iteration, the unknowns are updated using equation 
                                           𝒙𝒌+𝟏 =  𝒙𝒌 −  ∆𝒙                                                  (3.86) 
                                           ∆𝑥 =  [𝐽(𝑥𝑘)]−1𝑓(𝑥𝑘)                                           (3.87) 
Where 
𝑥𝑘 , 𝑥𝑘+1  the value of x before and after 𝑘𝑡ℎ iteration, respectively; 
∆𝑥 update for 𝑥 𝑎𝑛𝑑 𝑘𝑡ℎ iteration; 
𝑘 iteration number starting from 1 
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The iteration can be terminated when the update ∆𝑥 is smaller than the 
specified tolerance. 
The unknown variables can be obtained by solving these equations and 
then boundary condition for each type of faults will be employed. 
Positive Sequence: 
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 Negative Sequence: 
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Zero Sequence: 
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 2.6 The boundary condition for various faults: 
 
A-G fault 
            0021 =++ sesese VVV                                                                                (3.11) 
B-C fault                𝑉0𝑠𝑒 + 𝑎2𝑉1𝑠𝑒 + 𝑎𝑉2𝑠𝑒 =  𝑉0𝑠𝑒 + 𝑎𝑉1𝑠𝑒 + 𝑎2𝑉2𝑠𝑒       =>   𝑉1𝑠𝑒 =  𝑉2𝑠𝑒  (3.118)  
    Where 𝑎 = ∠120° 
B-C-G fault 
            𝑉0𝑠𝑒 + 𝑎2𝑉1𝑠𝑒 + 𝑎𝑉2𝑠𝑒 =  𝑉0𝑠𝑒 + 𝑎𝑉1𝑠𝑒 + 𝑎2𝑉2𝑠𝑒  = 0  =>  𝑉1𝑠𝑒 =  𝑉2𝑠𝑒   (3.119) 
ABC fault 
          𝑉1𝑠𝑒 = 0                                                                                               (3.120) 
 
The fault location is obtained based on 𝑉1𝑠𝑒, 𝑉2𝑠𝑒  and 𝑉0𝑠𝑒  and the boundary 
conditions. Let us take phase A to ground fault as an example: 
Define: 
         𝑓 =  𝑉1𝑠𝑒 + 𝑉2𝑠𝑒 + 𝑉0𝑠𝑒 = 0                                                                   (3.121) 
Then, we get a vector of real equations 
          𝐹 =  [𝑟𝑒𝑎𝑙(𝑓); 𝑖𝑚𝑎𝑔(𝑓)];                                                                      (3.122) 
The unknown variables are 𝑙1 and𝑅𝑓. Then the Newton-Raphson method can be 
used to find the unknown variables. An initial value of 0.5 for 𝑙1 and zero for 𝑅𝑓 
can be used. 
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CHAPTER FOUR 
EVALUATION STUDIES 
 
This chapter compares the results between the Digital Distance Relaying 
Algorithm for First-Zone Protection for Parallel Transmission Lines with the 
proposed algorithm.  
1.  Results of the existing algorithm for Fault location estimation of 
various types of faults and various fault resistances.  
The fault location for various types of faults and various fault resistances are 
presented in Table 4.1. The fault resistances, the estimated fault distance of 
each type of faults are given in column 1,2,3,4, and 5 respectively. 
Table 4.1 Fault location estimation for various types of faults and various fault 
resistances at 50 of 300 km: (0.167 p.u.) of existing algorithm 
Fault Resistance Ω Fault Types 
 
   
 a-g 
 
b-c b-c-g a-b-c 
10 
 
0.1668 0.1669 0.1669 0.1670 
100 
 
0.1673 0.1674 0.1674 0.1679 
200 0.1678 0.1679 0.1679 0.1689 
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The estimated fault resistances for various types of faults and 
various actual fault resistances are presented in Table 4.2. The actual 
fault resistance is in column 1; the estimated fault resistances of each type 
of faults are given in column 2, 3, 4 and 5 respectively. 
Table 4.2 Fault Resistances estimation for various types of faults at 50 of 300 
km: (0.167 p.u.) of existing algorithm 
Actual Fault Resistance Ω Fault Types 
 
   
 a-g    
 
b-c b-c-g a-b-c 
10 
 
9.9300 4.9668 4.9668 9.9429 
100 
 
99.2434 49.6793 49.6793 99.2993 
200 198.373 99.2983 99.2983 198.372 
 
In Table 4.3, the estimated fault location for various types of faults 
are presented in column 2, 3, 4, and 5.The fault resistance for each type 
of fault are given in the first column. 
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Table 4.3 Fault location estimation for various types of faults and various fault 
resistances at 100 of 300 km: (0.333 p.u.) of existing algorithm 
Fault Resistance Ω Fault Types 
 
   
 a-g 
 
b-c b-c-g a-b-c 
10 
 
0.3341 0.3352 0.3352 0.3352 
100 
 
0.3347 0.3358 0.3358 0.3364 
200 0.3353 0.3364 0.3364 0.3376 
 
The fault resistance for various types of faults and various fault location 
are presented in Table 4.4. The actual fault resistances are in the first column, 
the estimated fault resistances of each type of faults are given in the second, 
third, fourth, and fifth column respectively. 
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Table 4.4 Fault Resistances estimation for various types of faults at 100 of 300 
km: (0.333 p.u.) of existing algorithm 
Actual  
Fault Resistance Ω 
Fault Types 
 
   
 a-g 
 
b-c b-c-g a-b-c 
10 
 
9.8913 4.9725 4.9725 9.9363 
100 
 
98.9859 49.56 49.56 99.0106 
200 197.819 99.0095 99.0095 197.652 
 
Table 4.5 presents the estimated fault location for various fault 
types and various fault resistances, various fault resistances are given in 
column 1. The estimated fault locations are presented in column 2, 3, 4, 
and 5. 
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Table 4.5 Fault location estimation for various types of faults and various fault 
resistances at 200 of 300 km: (0.667 p.u.) of existing algorithm 
Fault Resistance Ω Fault Types 
 
   
 a-g 
 
b-c b-c-g a-b-c 
10 
 
0.6733 0.6810 0.6810 0.6809 
100 
 
0.6711 0.6792 0.6792 0.6774 
200 0.6686 0.6774 0.6774 0.6739 
 
The fault resistance for various types of faults and various fault location 
are presented in Table 4.6. The actual fault resistances are in the first column, 
the estimated fault resistances of each type of faults are given in the second, 
third, fourth, and fifth column respectively. 
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Table 4.6 Fault Resistances estimation for various types of faults at 200 of 300 
km: (0.667 p.u.) of existing algorithm 
Actual  
Fault Resistance Ω 
Fault Types 
 
   
 a-g 
 
b-c b-c-g a-b-c 
10 
 
9.7827 4.9458 4.9458 9.7789 
100 
 
99.2890 48.7538 48.7538 97.9493 
200 200.164 97.9598 97.9598 197.900 
 
Table 4.7 presents the estimated fault location for various fault 
types and various fault resistances, various fault resistances are given in 
column 1. The estimated fault locations are presented in column 2, 3, 4, 
and 5. 
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Table 4.7 Fault location estimation for various types of faults and various fault 
resistances at 250 of 300 km: (0.833 p.u.) of existing algorithm 
Fault Resistance Ω Fault Types 
 
   
 a-g 
 
b-c b-c-g a-b-c 
10 
 
0.8466 0.8616 0.8616 0.8608 
100 
 
0.8379 0.8546 0.8546 0.8475 
200 0.8288 0.8474 0.8474 0.8341 
 
The fault resistance for various types of faults and various fault location 
are presented in Table 4.8. The actual fault resistances are in the first column, 
the estimated fault resistances of each type of faults are given in the second, 
third, fourth, and fifth column respectively. 
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Table 4.8 Fault Resistances estimation for various types of faults at 250 of 300 
km: (0.833 p.u.) of existing algorithm 
Actual  
Fault Resistance Ω 
Fault Types 
 
   
 a-g 
 
b-c b-c-g a-b-c 
10 
 
9.3445 4.4059 4.4059 8.7077 
100 
 
99.4489 44.9851 44.9851 94.1475 
200 210.046 94.2177 94.2177 204.463 
 
 We have noticed that the error occurs when the distance and Rf is 
increasing. 
 To improve the accuracy of fault distance estimation for parallel 
transmission lines, we use the algorithm that we propose with the same system 
model that we have created earlier. 
The method in estimating the fault location in long parallel transmission lines by 
using the equivalent PI circuit is based on a distributed parameter line model.  
The new method, however, assuming the local voltage and current are available, 
fully considers the mutual coupling impedance, the mutual coupling admittance 
and shunt capacitance for high precision in fault distance estimation.  The 
following shows the results of the proposed algorithm. 
59 
 
2.  Results of the Proposed Algorithm with Various Types of Faults 
and Various Fault Resistances. 
The fault location for various types of faults and various fault resistances 
are presented in Table 4.9. The fault resistances, the estimated fault distance of 
each type of faults are given in column 1,2,3,4, and 5 respectively. 
Table 4.9 Fault location estimation for various types of faults and various fault 
resistances at 50 of 300 km of proposed algorithm. 
Fault Resistance Ω Fault Types 
 
   
 a-g 
 
b-c b-c-g a-b-c 
10 
 
49.9879 49.9957 49.9957 49.9939 
100 
 
49.9811 49.9797 49.9797 49.9554 
200 49.9534 49.9576 49.9576 49.9119 
 
The estimated fault resistances for various types of faults and various 
actual fault resistances are presented in Table 4.10. The actual fault resistance is 
in column 1; the estimated fault resistances of each type of faults are given in 
column 2, 3, 4 and 5 respectively. 
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Table 4.10 Fault Resistances estimation for various types of faults at 50 of 300 
km of propose algorithm.  
Actual  
Fault Resistance Ω 
Fault Types 
 
   
 a-g 
 
b-c b-c-g a-b-c 
10 
 
10.0028 4.9935 4.9935 10.0004 
100 
 
100.0144 50.0060 50.0060 100.020 
200 200.0495 100.0198 100.0198 200.072 
 
In Table 4.11, the estimated fault location for various types of faults 
are presented in column 2, 3, 4, and 5.The fault resistance for each type 
of fault are given in the first column. 
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Table 4.11 Fault location estimation for various types of faults and various fault 
resistances at 100 of 300 km:  
Fault Resistance Ω Fault Types 
 
   
 a-g 
 
b-c b-c-g a-b-c 
10 
 
99.9732 99.9945 99.9945 99.9876 
100 
 
99.9669 99.9743 99.9743 99.9463 
200 99.9368 99.9474 99.9474 99.8922 
 
The fault resistance for various types of faults and various fault location 
are presented in Table 4.12. The actual fault resistances are in the first column, 
the estimated fault resistances of each type of faults are given in the second, 
third, fourth, and fifth column respectively. 
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Table 4.12 Fault Resistances estimation for various types of faults at 100 of 300 
km:  
Actual  
Fault Resistance Ω 
Fault Types 
 
   
 a-g 
 
b-c b-c-g a-b-c 
10 
 
9.9930 4.9927 4.9927 9.9999 
100 
 
100.0069 50.0071 50.0071 100.029 
200 200.0548 100.0280 100.0280 200.109 
 
Table 4.13 presents the estimated fault location for various fault 
types and various fault resistances, various fault resistances are given in 
column 1. The estimated fault locations are presented in column 2, 3, 4, 
and 5. 
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Table 4.13 Fault location estimation for various types of faults and various fault 
resistances at 200 of 300 km:  
Fault Resistance Ω Fault Types 
 
   
 a-g 
 
b-c b-c-g a-b-c 
10 
 
199.976 200.0222 200.0222 200.053 
100 
 
200.1225 200.0737 200.0737 200.168 
200 200.58 200.1592 200.1592 200.341 
 
The fault resistance for various types of faults and various fault location 
are presented in Table 4.14. The actual fault resistances are in the first column, 
the estimated fault resistances of each type of faults are given in the second, 
third, fourth, and fifth column respectively. 
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Table 4.14 Fault Resistances estimation for various types of faults at 200 of 300 
km:  
Actual  
Fault Resistance Ω 
Fault Types 
 
   
 a-g 
 
b-c b-c-g a-b-c 
10 
 
9.9433 5.0021 5.0021 9.9880 
100 
 
99.8175 49.9526 49.9526 99.8153 
200 199.4956 99.8258 99.8258 199.2935 
 
 
Table 4.15 presents the estimated fault location for various fault 
types and various fault resistances, various fault resistances are given in 
column 1. The estimated fault locations are presented in column 2, 3, 4, 
and 5. 
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Table 4.15 Fault location estimation for various types of faults and various fault 
resistances at 250 of 300 km:  
Fault Resistance Ω Fault Types 
 
   
 a-g 
 
b-c b-c-g a-b-c 
10 
 
249.9566 250.0624 250.0624 250.093 
100 
 
250.4679 250.2716 250.2716 250.630 
200 251.0724 250.5968 250.5968 250.308 
 
The fault resistance for various types of faults and various fault location 
are presented in Table 4.16. The actual fault resistances are in the first column, 
the estimated fault resistances of each type of faults are given in the second, 
third, fourth, and fifth column respectively. 
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Table 4.16 Fault Resistances estimation for various types of faults at 250 of 300 
km:  
Actual  
Fault Resistance Ω 
Fault Types 
 
   
 a-g 
 
b-c b-c-g a-b-c 
10 
 
9.9486 5.0077 5.0077 9.9732 
100 
 
98.9736 49.7108 49.7108 98.7047 
200 195.6321 98.7737 98.7737 194.6927 
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3.  Voltage and current waveforms at terminal P during fault with 
various types of faults  
  
 
              Figure 4.1.Voltage waveforms of phase a to ground fault on line 1 bus P 
 
To show the voltage waveforms during the fault on line 1 bus P, figure 4.1 
depicts the voltage waveforms of phase A-to-ground fault for the fault location at 
100 km from bus P and a fault resistance of 10 Ω and  the total line length 
between P and Q is 300 km. It can be seen that, the voltage waveforms are 
stable until the fault occurs at 0.0304 second then the voltage is decreasing. 
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               Figure 4.2.Voltage waveforms of phase a to ground fault on line 2 bus P 
 
Figure 4.2 presents the voltage waveforms during the fault on line 2 
bus P, the voltage waveforms of phase A-to-ground fault for the fault 
location at 100 km from bus P and a fault resistance of 10 Ω and  the total 
line length between P and Q is 300 km. It can be seen that, the voltage 
waveforms are stable until the fault occurs at 0.0304 second then the 
voltage is decreasing. 
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               Figure 4.3.Current waveforms of phase a to ground fault on line 1 bus P 
 
To show the current waveforms during the fault on line 1 bus P, figure 4.3 
depicts the voltage waveforms of phase A-to-ground fault for the fault location at 
100 km from bus P and a fault resistance of 10 Ω and  the total line length 
between P and Q is 300 km. It can be seen that, the current waveforms are 
stable until the fault occurs at 0.0304 second then the current is increasing. 
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               Figure 4.4.Current waveforms of phase a to ground fault on line 2 bus P 
 
To show the current waveforms during the fault on line 2 bus P, 
figure 4.4 depicts the current waveforms of phase A-to-ground fault for the 
fault location at 100 km from bus P and a fault resistance of 10 Ω and  the 
total line length between P and Q is 300 km. It can be seen that, the 
current waveforms are stable until the fault occurs at 0.0304 second then 
the current is increasing. 
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                Figure 4.5. Voltage waveforms of phase b to c fault on line 1 bus P 
 
To show the voltage waveforms during the fault on line 1 bus P, figure 4.5 
depicts the voltage waveforms of phase B-to-C fault for the fault location at 100 
km from bus P and a fault resistance of 10 Ω and  the total line length between P 
and Q is 300 km. It can be seen that, the voltage waveforms are stable until the 
fault occurs at 0.0304 second then the voltage is decreasing. 
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               Figure 4.6. Voltage waveforms of phase b to c fault on line 2 bus P 
 
Figure 4.6 presents the voltage waveforms during the fault on line 2 
bus P, the voltage waveforms of phase B-to-C fault for the fault location at 
100 km from bus P and a fault resistance of 10 Ω and  the total line length 
between P and Q is 300 km. It can be seen that, the voltage waveforms 
are stable until the fault occurs at 0.0304 second then the voltage is 
decreasing. 
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                Figure 4.7. Current waveforms of phase b to c fault on line 2 bus P 
 
To show the current waveforms during the fault on line 1 bus P, figure 4.7 
depicts the current waveforms of phase B-to-C fault for the fault location at 100 
km from bus P and a fault resistance of 10 Ω and  the total line length between P 
and Q is 300 km. It can be seen that, the current waveforms are stable until the 
fault occurs at 0.0304 second then the current is increasing. 
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                Figure 4.8.Current waveforms of phase b to c fault on line 2 bus P 
 
Figure 4.8 presents the current waveforms during the fault on line 2 
bus P, the current waveforms of phase B-to-C fault for the fault location at 
100 km from bus P and a fault resistance of 10 Ω and the total line length 
between P and Q is 300 km. It can be seen that, the voltage waveforms 
are stable until the fault occurs at 0.0304 second then the current is 
increasing. 
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                 Figure 4.9.Voltage waveforms of BCG fault on line 1 bus P 
 
To show the voltage waveforms during the fault on line 1 bus P, figure 4.9 
depicts the voltage waveforms of phase B-to-C-to-ground fault for the fault 
location at 100 km from bus P and a fault resistance of 10 Ω and  the total line 
length between P and Q is 300 km. It can be seen that, the voltage waveforms 
are stable until the fault occurs at 0.0304 second then the voltage is decreasing. 
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                Figure 4.10.Voltage waveforms of BCG fault on line 2 bus P 
 
To show the voltage waveforms during the fault on line 2 bus P, 
figure 4.10 depicts the voltage waveforms of phase B-to-C-to-ground fault 
for the fault location at 100 km from bus P and a fault resistance of 10 Ω 
and  the total line length between P and Q is 300 km. It can be seen that, 
the voltage waveforms are stable until the fault occurs at 0.0304 second 
then the voltage is decreasing. 
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                Figure 4.11.Current waveforms of BCG fault on line 1 bus P 
 
Figure 4.11 presents the current waveforms during the fault on line 1 bus 
P, the current waveforms of phase B-to-C-to-ground fault for the fault location at 
100 km from bus P and a fault resistance of 10 Ω and the total line length 
between P and Q is 300 km. It can be seen that, the voltage waveforms are 
stable until the fault occurs at 0.0304 second then the current is increasing. 
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                Figure 4.12. Current waveforms of BCG fault on line 2 bus P 
 
Figure 4.12 presents the current waveforms during the fault on line 
2 bus P, the current waveforms of phase B-to-C-to-ground fault for the 
fault location at 100 km from bus P and a fault resistance of 10 Ω and the 
total line length between P and Q is 300 km. It can be seen that, the 
voltage waveforms are stable until the fault occurs at 0.0304 second then 
the current is increasing. 
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                 Figure 4.13. Voltage waveforms of ABC fault on line 1 bus P 
 
To show the voltage waveforms during the fault on line 1 bus P, figure 
4.13 depicts the voltage waveforms of phase A-to-B-to-C fault for the fault 
location at 100 km from bus P and a fault resistance of 10 Ω and  the total line 
length between P and Q is 300 km. It can be seen that, the voltage waveforms 
are stable until the fault occurs at 0.0304 second then the voltage is decreasing. 
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             Figure 4.14.Voltage waveforms of ABC fault on line 2 bus P 
 
To show the voltage waveforms during the fault on line 2 bus P, 
figure 4.14 depicts the voltage waveforms of phase A-to-B-to-C fault for 
the fault location at 100 km from bus P and a fault resistance of 10 Ω and  
the total line length between P and Q is 300 km. It can be seen that, the 
voltage waveforms are stable until the fault occurs at 0.0304 second then 
the voltage is decreasing. 
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              Figure 4.15.Current waveforms of ABC fault on line 1 bus P 
 
Figure 4.15 presents the current waveforms during the fault on line 1 bus 
P, the current waveforms of phase A-to-B-to-C fault for the fault location at 100 
km from bus P and a fault resistance of 10 Ω and the total line length between P 
and Q is 300 km. It can be seen that, the voltage waveforms are stable until the 
fault occurs at 0.0304 second then the current is increasing. 
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             Figure 4.16.Current waveforms of ABC fault on line 2 bus P 
 
Figure 4.16 presents the current waveforms during the fault on line 
2 bus P, the current waveforms of phase A-to-B-to-C fault for the fault 
location at 100 km from bus P and a fault resistance of 10 Ω and the total 
line length between P and Q is 300 km. It can be seen that, the voltage 
waveforms are stable until the fault occurs at 0.0304 second then the 
current is increasing. 
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4.  Estimated Fault Location and Fault Resistance 
The proposed fault location algorithm is tested under various fault 
conditions and various fault types.  Table 4.17 shows the estimated fault 
locations resulting from existing algorithm and proposed algorithm.  The first 
column represents the fault type; the actual fault distance and actual fault 
resistance are in column 2 and 3.  Column 4 and 5 show the estimated fault 
location from the existing algorithm and proposed algorithm.  Column 6 and 7 
show the estimated fault resistance resulting from existing algorithm and 
proposed algorithm respectively.  It can be seen that quite close fault location 
estimates are produced by using the proposed algorithm and the results are quite 
satisfactory. 
Table 4.17: Estimated fault location and fault resistance   
Fault 
type 
Actual 
Fault 
Distance
(km) 
Actual Fault 
Resistance(ohm) 
Estimated 
fault 
distance 
(km) 
 Estimated 
fault 
resistance
(ohm) 
 
    Existing 
Algorithm 
Proposed 
Algorithm 
Existing 
Algorithm 
Proposed 
Algorithm 
A-G 50 10 50.04 49.9879 9.93 10.0028 
  100 50.19 49.9811 99.2434 100.0144 
  200 50.34 49.9534 198.3736 200.0495 
 100 10 100.23 99.9732 9.8913 9.9930 
  100 100.41 99.9669 98.9859 100.0069 
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Table 4.17: Estimated fault location and fault resistance (Continued) 
Fault 
type 
Actual 
Fault 
Distance
(km) 
Actual Fault 
Resistance(ohm) 
Estimated 
fault 
distance 
(km) 
 Estimated 
fault 
resistance
(ohm) 
 
    Existing 
Algorithm 
Proposed 
Algorithm 
Existing 
Algorithm 
Proposed 
Algorithm 
  200 100.59 99.9368 197.8199 200.0548 
 200 10 201.99 199.9769 9.7827 9.9433 
  100 201.33 200.1225 99.2890 99.8175 
  200 200.58 200.58 200.1641 199.4956 
 250 10 253.98 249.9566 9.3445 9.9486 
  100 251.37 250.4649 99.4489 98.9736 
  200 248.64 251.0724 210.0461 195.6321 
BC 50 10 [5,5] 50.07 49.9957 4.9668 4.9935 
  100 [50,50] 50.22 49.9797 49.6793 50.0060 
  200 [100,100] 50.37 49.9576 99.2983 100.0198 
 100 10 [5,5] 100.56 99.9945 4.9725 4.9927 
  100 [50,50] 100.74 99.9743 49.56 50.0071 
  200 [100,100] 100.92 99.9474 99.0095 100.0280 
 200 10 [5,5] 204.30 200.0222 4.9458 5.0021 
  100 [50,50] 203.76 200.0737 48.7538 49.9526 
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Table 4.17: Estimated fault location and fault resistance (Continued) 
Fault 
type 
Actual 
Fault 
Distance
(km) 
Actual Fault 
Resistance(ohm) 
Estimated 
fault 
distance 
(km) 
 Estimated 
fault 
resistance
(ohm) 
 
    Existing 
Algorithm 
Proposed 
Algorithm 
Existing 
Algorithm 
Proposed 
Algorithm 
  200 [100,100] 203.22 200.1592 97.9598 99.8258 
 250 10 [5,5] 258.48 250.0624 4.4059 5.0077 
  100 [50,50] 256.38 250.2716 44.9851 49.7108 
  200 [100,100] 254.22 250.5968 94.2177 98.7737 
BCG 50 10 [5,5] 50.07 49.9957 4.9668 4.9935 
  100 [50,50] 50.22 49.9797 49.6793 50.0060 
  200 [100,100] 50.37 49.9576 99.2983 100.0198 
 100 10 [5,5] 100.56 99.9945 4.9725 4.9927 
  100 [50,50] 100.74 99.9743 49.56 50.0071 
  200 [100,100] 100.92 99.9474 99.0095 100.0280 
 200 10 [5,5] 204.30 200.0222 4.9458 5.0021 
  100 [50,50] 203.76 200.0737 48.7538 49.9526 
  200 [100,100] 203.22 200.1592 97.9598 99.8258 
 250 10 [5,5] 258.48 250.0624 4.4059 5.0077 
  100 [50,50] 256.38 250.2716 44.9851 49.7108 
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Table 4.17: Estimated fault location and fault resistance (Continued) 
Fault 
type 
Actual 
Fault 
Distance
(km) 
Actual Fault 
Resistance(ohm) 
Estimated 
fault 
distance 
(km) 
 Estimated 
fault 
resistance
(ohm) 
 
    Existing 
Algorithm 
Proposed 
Algorithm 
Existing 
Algorithm 
Proposed 
Algorithm 
  200 [100,100] 254.22 250.5968 94.2177 98.7737 
ABC 50 10 50.10 49.9939 9.9429 10.0004 
  100 50.37 49.9554 99.2993 100.0208 
  200 50.67 49.9119 198.3727 200.0725 
 100 10 100.56 99.9876 9.9363 9.9999 
  100 100.92 99.9463 99.0106 100.0290 
  200 101.28 99.8922 197.6526 200.1099 
 200 10 204.27 200.0530 9.7789 9.9880 
  100 203.22 200.1687 97.9493 99.8153 
  200 202.17 200.3418 197.9007 199.2935 
 250 10 258.24 250.0931 8.7077 9.9732 
  100 254.25 250.6302 94.1475 98.7047 
  200 250.23 250.3085 204.4630 194.6927 
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In this study, the fault location accuracy is measured by the percentage 
error calculation as 
%𝑒𝑟𝑟𝑜𝑟 =   |𝐴𝑐𝑡𝑢𝑎𝑙 𝑙𝑜𝑐𝑎𝑡𝑖𝑜𝑛 − 𝐸𝑠𝑡𝑖𝑚𝑎𝑡𝑒𝑑 𝑙𝑜𝑐𝑎𝑡𝑖𝑜𝑛|
𝑇𝑜𝑡𝑎𝑙 𝑙𝑖𝑛𝑒 𝑙𝑒𝑛𝑔𝑡ℎ 𝑥 100 
The fault resistance estimation accuracy is measured by the percentage error 
calculation as 
%𝑒𝑟𝑟𝑜𝑟 = |𝐴𝑐𝑡𝑢𝑎𝑙 𝑓𝑎𝑢𝑙𝑡 𝑟𝑒𝑠𝑖𝑠𝑡𝑎𝑛𝑐𝑒 − 𝐸𝑠𝑡𝑖𝑚𝑎𝑡𝑒𝑑 𝑓𝑎𝑢𝑙𝑡 𝑟𝑒𝑠𝑖𝑠𝑡𝑎𝑛𝑐𝑒|
𝐴𝑐𝑡𝑢𝑎𝑙 𝑓𝑎𝑢𝑙𝑡 𝑟𝑒𝑠𝑖𝑠𝑡𝑎𝑛𝑐𝑒 𝑥 100 
  Table 4.18 shows the percentage errors estimated fault locations resulting from 
existing algorithm and proposed algorithm.  The first column represents the fault 
type; the actual fault distance and actual fault resistance are in column 2 and 3.  
Column 4 and 5 show the percentage errors estimated fault location from the 
existing algorithm and proposed algorithm.  Column 6 and 7 show the 
percentage errors estimated fault resistance resulting from existing algorithm and 
proposed algorithm respectively.  It can be seen that the results are in the 
percentage errors satisfied range by using the proposed algorithm and the 
results are quite satisfactory. 
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Table 4.18:% Error Estimated fault location and fault resistance  
Fault 
type 
Actual 
Fault 
Distance
(km) 
Actual Fault 
Resistance(ohm) 
% error 
Estimated 
fault 
distance 
(km) 
 % error 
Estimated 
fault 
resistance 
(ohm) 
 
    Existing 
Algorithm 
Proposed 
Algorithm 
Existing 
Algorithm 
Proposed 
Algorithm 
A-G 50 10 0.1333 0.004033 0.7 0.028 
  100 0.06333 0.0063 0.7566 0.0144 
  200 0.11333 0.015533 0.8132 0.02475 
 100 10 0.07667 0.008933 1.087 0.07 
  100 0.13667 0.011033 1.0141 0.0069 
  200 0.19667 0.021067 1.09005 0.0274 
 200 10 0.66333 0.0077 2.173 0.567 
  100 0.44333 0.04083 0.711 0.1825 
  200 0.19333 0.19333 0.08205 0.2522 
 250 10 1.32667 0.014467 6.555 0.514 
  100 0.45667 0.15497 0.5511 1.0264 
  200 0.453333 0.35747 5.02305 2.18395 
BC 50 10 [5,5] 0.02333 0.001433 0.664 0.13 
  100 [50,50] 0.07333 0.006767 0.6414 0.012 
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Table 4.18:% Error Estimated fault location and fault resistance (Continued) 
Fault 
type 
Actual 
Fault 
Distance
(km) 
Actual Fault 
Resistance(ohm) 
% error 
Estimated 
fault 
distance 
(km) 
 % error 
Estimated 
fault 
resistance 
(ohm) 
 
    Existing 
Algorithm 
Proposed 
Algorithm 
Existing 
Algorithm 
Proposed 
Algorithm 
  200 [100,100] 0.12333 0.014133 0.7017 0.0198 
 100 10 [5,5] 0.18667 0.001833 0.55 0.146 
  100 [50,50] 0.24667 0.008567 0.88 0.0142 
  200 [100,100] 0.30667 0.017533 0.9905 0.028 
 200 10 [5,5] 1.43333 0.0074 1.084 0.042 
  100 [50,50] 1.25333 0.02457 2.4924 0.0948 
  200 [100,100] 1.07333 0.05307 2.0402 0.1742 
 250 10 [5,5] 2.82667 0.0208 11.882 0.154 
  100 [50,50] 2.12667 0.09053 10.0298 0.5784 
  200 [100,100] 1.40667 0.19893 5.7823 1.2263 
BCG 50 10 [5,5] 0.02333 0.001433 0.664 0.13 
  100 [50,50] 0.07333 0.006767 0.6414 0.012 
  200 [100,100] 0.12333 0.014133 0.7017 0.0198 
 100 10 [5,5] 0.18667 0.001833 0.55 0.146 
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Table 4.18:% Error Estimated fault location and fault resistance (Continued) 
Fault 
type 
Actual 
Fault 
Distance
(km) 
Actual Fault 
Resistance(ohm) 
% error 
Estimated 
fault 
distance 
(km) 
 % error 
Estimated 
fault 
resistance 
(ohm) 
 
    Existing 
Algorithm 
Proposed 
Algorithm 
Existing 
Algorithm 
Proposed 
Algorithm 
  100 [50,50] 0.24667 0.008567 0.88 0.0142 
  200 [100,100] 0.30667 0.017533 0.9905 0.028 
 200 10 [5,5] 1.43333 0.0074 1.084 0.042 
  100 [50,50] 1.25333 0.02457 2.4924 0.0948 
  200 [100,100] 1.07333 0.05307 2.0402 0.1742 
 250 10 [5,5] 2.82667 0.0208 11.882 0.154 
  100 [50,50] 2.12667 0.09053 10.0298 0.5784 
  200 [100,100] 1.40667 0.19893 5.7823 1.2263 
ABC 50 10 0.03333 0.002033 0.571 0.004 
  100 0.12333 0.014867 0.7007 0.0208 
  200 0.22333 0.029367 0.81365 0.03625 
 100 10 0.18667 0.004133 0.637 0.001 
  100 0.30667 0.0179 0.9894 0.029 
  200 0.42667 0.035933 1.1737 0.05495 
 200 10 1.42333 0.01767 2.211 0.12 
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Table 4.18:% Error Estimated fault location and fault resistance (Continued) 
Fault 
type 
Actual 
Fault 
Distance
(km) 
Actual Fault 
Resistance(ohm) 
% error 
Estimated 
fault 
distance 
(km) 
 % error 
Estimated 
fault 
resistance 
(ohm) 
 
    Existing 
Algorithm 
Proposed 
Algorithm 
Existing 
Algorithm 
Proposed 
Algorithm 
  100 1.07333 0.05623 2.0507 0.1847 
  200 0.72333 0.11393 1.04965 0.35325 
 250 10 2.74667 0.03103 12.923 0.268 
  100 1.41667 0.21007 5.8525 1.2953 
  200 0.07667 0.10283 2.2315 2.65365 
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CHAPTER FIVE 
CONCLUSION 
Fault that occurs on a power transmission line can prolong the 
outage time if the fault location is not located as quickly as possible. The 
faster the fault location is found, the sooner the system can be restored 
and outage time can be reduced.    
This research develops a new accurate algorithm for parallel 
transmission lines, taking into consideration mutual coupling impedance, 
mutual coupling admittance, and shunt capacitance. The equivalent PI 
circuit based on a distributed parameter line model for positive, negative, 
and zero sequence networks have been constructed for system analysis 
during the fault.  
Evaluation studies have been carried out to verify the proposed 
method. Comparing the results obtained by the existing algorithm and the 
proposed algorithm, it is evinced that the developed algorithm can achieve 
highly accurate estimates and is promising for practical applications.  
Being able to pinpoint the fault location more accurately will help 
reduce outage time, save money, and improve system reliability. 
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